Introduction
We previously reported the development of a VHF Unified Grain Moisture Algorithm (UGMA) (Funk, 2001; Funk et al., 2007) . The basic steps of the method include: 1) measure complex reflection coefficients at 149 MHz for a parallel-plate transmission line test cell, 2) convert reflection coefficient to material dielectric constant through ABCD matrix models, 3) densitycorrect the dielectric constant using the Landau-Lifshitz, Looyenga mixture equation (eq. 1) (Nelson, 1992) , 4) apply grain-group-specific unifying parameters, 5) apply a single polynomial equation to convert to moisture content, and 6) apply temperature correction. (1) where ε t = dielectric constant at the target density ε m = measured dielectric constant at the measured density ρ m ρ t = target density for all grain samples The original mathematical model (based on a signal flow graph) for the original test cell sought to achieve traceability to "absolute" dielectric constant measurements based on measurements of several high purity alcohols and air (empty cell) (Funk, 2001) . After several years of testing grain samples with the original test cell, we designed a smaller "New Master" test cell whose dimensions were more suitable for commercial grain moisture meters. Figure 1 compares the two test cells. Although the test results for grain were very similar for the two test cells, we needed more direct traceability to "true" dielectric constant than to make comparisons to the old test cell that had been calibrated with alcohols "once upon a time". We needed a strategy to calibrate that New Master test cell and the test cells of commercial grain moisture meters that would be based on the UGMA. Liquids have some desirable characteristics as dielectric reference materials (Kaatze, 2007; NPL, 2003) . Liquids fill the test cell uniformly regardless of its shape. A single Debye relaxation can describe their dielectric characteristics fairly closely. Debye parameters are available for several types of liquid dielectric reference materials. Some useful liquids are readily available in high purity grades at moderate cost and are not particularly hazardous.
However, liquids can be tedious and difficult to use as dielectric reference materials-especially for test cells and associated mechanisms, electronics, and software such as those found in grain moisture meters that are designed to test relatively dry granular materials. To measure liquids with such a test cell, it must be sealed to prevent leakage, filled very carefully to achieve a fixed volume, and cleaned thoroughly before and after each test to avoid carry-over that could invalidate the reference measurements or subsequent measurements. The instrument operating system may require modification to allow manual step-wise operation. Some of the most useful liquids are quite hygroscopic, requiring fresh material for each test performed (NPL, 2003) . Dielectric constants of liquids are temperature sensitive, but the temperature coefficients are not generally as available as the dielectric characteristics at a single specified reference temperature. For high accuracy, the temperature of the liquid reference and the test cell need to be adjusted to the temperature at which the reference values were obtained. Of course, reference liquids that would attack the materials or adhesives used in the test cell must be avoided.
Furthermore, the absolute accuracy of the results (as indicated by the analysis of tests with different alcohols that Dr. Kurt Lawrence, ARS, had performed with the original test cell) appeared to be no better than several percent (relative) (Funk, 2001) . Achieving acceptable agreement among grain moisture meters demands much better than one percent (relative) reproducibility in dielectric measurements. Therefore, a better strategy was needed, preferably one that did not rely on liquid dielectric reference materials.
Granular materials are compatible with test cells such as used with grain moisture meters. Some do not readily pick up or leave residues, although they can become contaminated from extensive use. Grain, though often used as a transfer standard for testing moisture meters, is notoriously unstable because of exchanging moisture with the atmosphere during handling and strong variations of dielectric characteristics with temperature. Stable dielectric materials such as glass and plastic have relatively low dielectric constants and very low losses compared to grain. The greatest problem with using a granular material as a dielectric standard is that the absolute dielectric characteristics of the bulk material are undefined; the density of the bulk material and, therefore, its dielectric characteristics change each time the material is loaded in a test cell.
Materials and Methods
Three copies of our New Master test cell design 1 were fabricated by Dickey-john Corporation 2 (Auburn, IL, USA). Figure 2 shows the test cell with a precision 50-ohm termination attached and a close-up of the transition region between the N-type connector and the center electrode. The spacing (between the three plates that comprise the transmission line structure) was adjusted to 27.7 mm to yield the minimum achievable reflection coefficient (without plastic dividers installed). Then the divider plates were machined to fit tightly and were glued in place in slots in the electrodes. Figure 3 identifies the significant electrical features and equivalent transmission line sections of the New Master test cell that correspond to the physical configuration shown in figure 2. 
Alcohol Tests
The initial approach to calibrating the New Master test cell was to use high molecular weight alcohols, as had been done for the original test cell. Table 1 describes the alcohols that were tested. The values of the dielectric constant ε´r and loss factor ε´´r at frequency f can be computed from the Debye coefficients with equations 2 and 3, respectively. where ε s = static dielectric constant (low frequency) ε ∞ = high frequency (far above relaxation) value of dielectric constant f r = characteristic frequency of the relaxation (frequency of peak value of loss factor) Despite these precautions, the results were not very encouraging. The inconsistencies among alcohols (several percent, relative) were similar to those observed from Lawrence's tests on the original test cell (Funk, 2001) . Besides that, the difficulties encountered in performing the tests re-emphasized the impracticality of using liquids for routine calibration of test cells that were designed to test granular materials. Clearly, another strategy was needed.
Physical Dimensions
The design, precision manufacturing, and mechanical rigidity of the New Master test cell made it possible to establish all of the physical dimensions of the test cell very precisely. The electrical lengths of the N-type connectors (which included Teflon® bushings) were calculated-with allowances for the reference plane positions established through open/short/load/low-loss capacitor calibration of the HP-4291A. The dimensions of the sections are included toward the end of the paper in table 3, which lists all of the final model parameters.
ABCD Matrix Model
In the ABCD matrix modeling method, each homogenous section of a transmission line structure is modeled as a 2x2 matrix that relates the input voltage and current to the output voltage and current as shown in figure 4. For cascaded 2-port networks such as seriesconnected sections of transmission line, the ABCD matrix of the total network is simply the matrix product of all of the individual matrices. The matrix representing a transmission line section is:
where γ is the complex propagation constant (γ=α+jβ), d is the physical length, and Z is the characteristic impedance of the transmission line section. The complex permittivity ε of material placed in the transmission line affects both Z and γ. Matrix representations for many two-port networks are available in textbooks. From the ABCD matrix resulting from the matrix multiplication of all of the cascaded networks, the scattering parameters (S 11 , S 12 , S 21 , S 22 ) can be computed with equation 5. Mongia et al. (1999) provides a detailed explanation of these terms and equations. 
where Z1, Z2 = characteristic impedances (ratio of complex voltage and current) of the transmission lines connected to the source and load ends of the cascaded network. Z1', Z2' = complex conjugates of Z1 and Z2.
The complex reflection coefficient Γ ab (the ratio of the voltages of the reflected and incident waves) for a transition between transmission line segments a and b with characteristic impedances Z a and Z b is given by equation 6. Conversely, if Z a and Γ ab are known, Z b is found from equation 7.
Then, assuming the cascaded network is terminated in some impedance Z L , with Γ L (reflection coefficient resulting from the interface between the transmission line and Z L ) from equation 6 as shown in figure 5, the reflection coefficient Γ "looking into" the cascaded network can be computed from equation 8. An iterative solver is required to find the value of the complex dielectric constant that produces the measured value of complex reflection coefficient. Figure 5 . Representation of a terminated cascade of 2-port networks.
The beauty of the ABCD matrix method is that equations 5 and 8 are exactly the same for every cascaded 2-port network, the sections are simply defined by equation 2 (or looking up the appropriate matrix form), and computers can perform the matrix multiplication with no effort on the operator's part. Adding an element to an ABCD matrix model is simple. Therefore, it is relatively easy to include many physically relevant elements in the model and achieve high accuracy. Of course, determining the parameters for some of the matrix sections may not be trivial.
Finite Element Analysis
Finite Element Analysis (FEA) is a powerful numerical analysis method for computing fields and potentials for arbitrary electromagnetic systems. A consequence of one of Maxwell's equations (the Laplace equation) is that, in the absence of charges within a space, the potential in the center of a space is equal to the mean of the potentials on the periphery of the space. This also holds true for a simple geometry such as a triangle. The potential at the center must be equal to the mean of the potentials at the vertices of the triangle.
FEA is based on creating a fine "mesh" of triangles covering the area (or tetrahedrons covering the volume) to be analyzed. If the potentials are fixed for certain boundaries in a system, such as conductors, the potential at the center of each triangle of the mesh can be compared to the mean of the potentials at the vertices. After starting with assigned "guess" values, the potentials at the vertices of all the mesh triangles are iteratively adjusted until the whole system of triangles "relaxes" to a unique solution. In general, the precision of a FEA solution and the computing time to find it are determined by the number of triangles used for the mesh and the tolerance applied to the potential matching.
The electric field vector at any point can be calculated from the gradient of the potential. The charge on any conductor (and, therefore, its capacitance) can be computed from the integral of the electric field (times the permittivity of the surrounding dielectric) normal to its surface. If the capacitance per unit length of a transmission line structure (surrounded by dielectric constant of unity) C 0 is known, the characteristic impedance of the structure Z 0 is given by: If the capacitance of a transmission line structure is calculated by FEA with and without a dielectric of dielectric constant ε present, the effective dielectric constant ε eff is given by the ratio of the capacitance with the dielectric present and the capacitance with unity dielectric constant substituted. If the dielectric surrounding the transmission line conductors is homogeneous (Transverse Electric-Magnetic mode (TEM)), the apparent or measured dielectric constant ε eff is equal to the actual dielectric constant ε, but if the space around the conductors is only partly filled (as in the case of the transmission line test cells considered here), ε eff is less than ε (quasi-TEM mode). A factor em can be used to convert a measurement of effective dielectric constant to the actual dielectric constant of the material that partly fills the space:
Furthermore, the effects of dielectric materials (such as the gate beneath the grain-filled section) and conductors in proximity to the transmission line can be estimated by FEA. The effects of the dielectric gate and conductive baseplate were found to be additive factors that were nearly independent of the dielectric constant of the material in the test cell. Therefore, these effects could be removed using a parameter Corr as:
An open-source 2-D package, FEMM, (Meeker, 2008) performed very well for modeling the cross section of the test cell. This software uses Lua-language scripts to define the dimensions of conductors and dielectrics, assign potentials to conductors, assign dielectric constant values to dielectrics, determine the fineness of the mesh, etc. The algorithm's accuracy was tested by comparing its predictions to closed-form solutions for coaxial cylinders and other such geometries. Also, simulations with different "mesh sizes" and different boundary conditions were performed to determine operating parameters that yielded excellent accuracy in a reasonable length of time (about 10 seconds per simulation). Also, the effects of beveled edges on the electrodes and other subtle dimensional effects were tested to be confident that the FEA was "behaving" well.
After gaining establishing the reliability of the FEA results, the method was used to yield definitive values for some test cell parameters: characteristic impedance of the empty cell Z 0 , the quasi-TEM correction factor em, and the empty cell dielectric offset due to the presence of the dielectric gate and conducting base plate Corr. Along with the careful measurements of the lengths of the various sections of the test cell identified in figure 3 , the FEA results provided almost all of the parameters that were needed for an ABCD matrix model-without depending on alcohol test data!
Modeling Transmission Line Discontinuities
One aspect of the test cell remained that could not be quantified with the available tools. The transitions (discontinuities) between the N-type connectors and the center electrode of the transmission line (figs. 2 and 3) caused considerable confusion in the model. Transmission line discontinuities are generally modeled as "T" or "Π" sections in ABCD matrices with the elements represented by the impedances or admittances of inductors and capacitors. Because of the structure of the transitions in the test cell, it seemed reasonable to model them as "L" networks with an inductor in series and a shunt capacitor. Physically the inductor corresponded to the 6 mm connecting rod between the N-type connector and the center plate of the test cell, and the capacitor corresponded to the capacitance between the end of the center electrode and the conducting endplate of the test cell. From trial and error work to optimize ABCD models, we had determined that the equivalent inductance and capacitance were approximately 4 nH and 2 pF, respectively. The ABCD matrix for such an "L" network is given by (Mongia et al., 1999) :
The transitions appeared as frequency-dependent impedance-matching networks within the test cell. Though we had deliberately adjusted the electrode spacing to get minimum reflection coefficient from the test cell (with 50-ohm termination), FEA indicated that the actual characteristic impedance was approximately 52.5 ohms. If one assumed that the characteristic impedance was 50 ohms, for example, it was possible to find values for the equivalent L and C that gave reasonable model behavior. But what was the real answer?
The more nearly a model describes reality, the wider the range of conditions over which it should be valid. Conversely, one might assume that the wider the range of conditions (say frequency and dielectric constant) over which a model shows agreement between theory and measurement, the more likely it is to be correct-or at least good enough for measurements at one frequency as needed for the UGMA. Therefore, we attempted to match measurements to theory over a wide range of conditions.
But what is known about a granular dielectric that could be useful for testing measurements against theory? Very low loss dielectrics should show nearly frequency-independent dielectric constant values and very nearly zero loss factors over a wide frequency range. Therefore, we tested four low-loss materials with different dielectric constants: (air, soda-lime glass beads (Quackenbush, 1.2 mm dia.), AirSoft Ammo® (Crossman, 0.2 gm, 6 mm dia.), and polyethylene pellets as used for injection molding ( fig. 6 ). figure 3 ) were multiplied together as:
Then equations 5 and 8 were used to compute the combined reflection coefficients (assuming Z1 = Z2 = Z L = 50 ohms). An iterative solver written in MathCad Ver.11 (PTC, 2003) was used to find ε eff for each material for each measurement frequency, and equation 11 was used to convert ε eff to ε.
A second iterative solver (also written in MathCad) was used to automatically find the optimum values of the two transition inductances LT1 and LT2 (allowed to be different), the transition capacitance CT, and a dielectric offset value Corr. The criteria for the optimum values were: 1) to simultaneously minimize the linear coefficient of slope for predicted ε´r versus frequency for each of the materials, 2) to cause the predicted dielectric constant of air to be 1.000, and 3) to cause the loss factor to be as close as possible to zero across the 50 to 250 MHz frequency range (except for glass beads, where a loss factor of 0.01 was the target). Thirteen frequency points (of the 100 measured in that range) were selected for the optimization to keep processing time manageable.
Repeatability Tests
One concern regarding the use of these dielectric materials was the achievable repeatability of the dielectric results. The density of the material and the dielectric constant and loss factor were expected to vary depending on the loading method-and even from test to test when attempting to duplicate a single loading method. In the development of the UGMA, we had observed that the Landau-Lifshitz, Looyenga equation as restated by Nelson (1992) (eq. 1), was effective in normalizing dielectric constant measurements to a common density. Furthermore, the residual errors due to loading method were smaller for nearly spherical granules than for highly elongated granules. Therefore, we tested the capability of equation 1 to reject the effects of loading differences and yield equivalent values of density-corrected dielectric constant for these dielectric reference materials for extreme cases of loading methods.
The three methods tested were: fast-drop loading, funnel loading, and slow-pour loading. Triplicate tests were performed for each of the three granular dielectric reference materials for each of the three loading methods.
Temperature Stability Tests
For a dielectric material to be suitable for routine use for calibrating test cells for grain moisture meters, it should be sufficiently stable with temperature that no great care is required to maintain the ambient temperature. We tested each of the three granular dielectric reference materials over the temperature range of about 4 to 20 ºC. Each material was chilled to approximately 1 ºC and then loaded into a special insulated transmission line test cell (similar in dimensions to the New Master test cell, but fabricated with plates made of 3.2 mm double-sided copper-clad epoxy-glass circuitboard). A fiber-optic thermometer probe was inserted in the sample, and complex reflection coefficient values (1 to 501 MHz) were automatically collected at 0.2 ºC increments as the dielectric material warmed slowly to room temperature. The measured values of complex reflection coefficient were converted to dielectric constant using an appropriate ABCD matrix model, as described above.
Results and Discussion

ABCD Model Accuracy
The solver process yielded definitive values for LT1, LT2, CT, and Corr. Figure 7 shows how closely the optimization criteria were met. The slopes of the dielectric constants across the 50 to 250 MHz frequency range were forced to zero, and the values of the loss factors were forced to near zero (except for glass beads, whose target value was specified as 0.01). Table 2 gives the mean values of the predicted dielectric constants for each of the low-loss materials along with the associated densities. These mean dielectric values and mean densities are very important for subsequent standardization of other test cells. Each dielectric constant value was normalized to the mean density for that material. Figure 7 . Results of optimization of test cell parameters based on constraining the predicted dielectric constant to be frequency independent and the loss factor to be zero (0.01 for glass beads). For clarity, the Dielectric Constant plot shows differences from the mean for each material rather than the actual values. Red/solid: 1.2 mm glass beads; Black/dash: AirSoft Ammo®; Blue/dot: polyethylene pellets; Magenta/dash-dot: air. The test cell parameters (table 3) were applied to the reflection coefficient data for the alcohols that were previously measured in the New Master test cell. Figure 8 demonstrates the agreement between predicted and theoretical values-essentially as close as when we attempted to calibrate to the alcohol data directly (not shown).
Repeatability Results
The repeatability tests verified the effectiveness of the Landau-Lifshitz, Looyenga for densitycorrecting these granular dielectric reference materials. Figure 9 shows calculated dielectric constant values without and with density correction for each of the three materials with three extremely different loading methods. Without density correction, correlations between density and dielectric constant were obvious; density correction almost eliminated that dependency. Table 4 shows the standard deviations of dielectric constant results for each material (pooled across repeated tests for all three loading methods) without and with density correction. Density correction reduced the variability by almost a factor of 10. This suggests that, with reasonable care in loading methods, repeatability for multiple tests should be very good. Figure 9 . Effectiveness of Landau-Lifshitz, Looyenga density correction for three loading methods (fast drop (□), funnel (o), slow pour (+)). 
Temperature Test Results
The temperature test data were analyzed by calculating the slope of linear regression between the predicted dielectric constant and temperature for each dielectric material. Table 5 shows the calculated slopes (temperature coefficients). The materials were very stable with temperature, thus allowing for a reasonable variation in ambient temperature during calibration testing with such materials. 
Applying the Test Cell Model
This detailed ABCD matrix model offered some important benefits besides providing a precise set of equations for converting measured complex reflection coefficient to dielectric constant for purposes of grain moisture prediction. The model permitted estimation of errors caused by mechanical and electrical tolerances in the test cell, thus facilitating the design of commercial UGMA-compatible moisture meters. Analysis of the model showed that, for this test cell design, the dielectric constant (which is all that is needed for the UGMA moisture predictions) was very closely related to the magnitude of the complex reflection coefficient. Therefore, it may be unnecessary to measure the complex reflection coefficient, but only the magnitude of the reflection coefficient-potentially a considerable simplification of instrument hardware and software.
Conclusion
The ABCD matrix method combined with precise mechanical measurements, careful finite element analysis of the test cell cross-section, and testing low-loss dielectrics was able to determine parameters for a dielectric test cell model that gave good agreement with theoretical dielectric characteristics for three high molecular weight alcohols. The ABCD matrix method made feasible the incorporation of many subtle elements of the test cell to achieve very good performance over a wide frequency range. Such a robust model lends itself to system error analysis to help with the design of practical commercial instruments. The repeatability of density-corrected dielectric measurements for the reference materials was between 0.0027 and 0.019 (one standard deviation). Temperature tests demonstrated the expected high stability over a modest temperature range. These low-loss dielectrics appear to be suitable for routine standardization of test cells and systems that are designed for compatibility with the Unified Grain Moisture Algorithm.
